One of the problems in science is that of discriminating a signal from the welter of background noise, or of detecting patterns in what at first appears to be only a confusion of data. Patterns that are obscured by too-close inspection of a small data set begin to emerge when the quantity of information increases. This paper deals with an understanding of the process of bending in double-helical DNA, which has come about recently during the comparison of five independently refined B-DNA dodecamer structures of general sequence d(C-G-C-G-A-A-T-T-C-G-C-G). Rather than scrutinizing each helix step individually, it has proven more informative to consider all five helices together, and this has led to what may be called a stochastic or random-walk model for helix bending.
The issue of bending in double-helical B-DNA is significant, of course, because DNA in chromatin is packaged into nucleosomes, having slightly less than two circuits of helix around a histone nucleosome core, with a DNA winding radius of 44 A (1, 2) . Each circuit of double helix around the core involves 80 base pairs. X-ray scattering has established that the DNA is in the B form (3) , and DNase I digestion experiments indicate that the double helix on average contains 10. base pairs per turn. How does a double helix of 80 stacked base pairs manage to wrap itself into a complete circle with a radius of curvature of only 44 A?
Two alternative models have been suggested previously: smooth, continuous deformation (4) (5) (6) (7) (8) and intermittent bending between straight helix segments. Smooth deformation requires a bend of 3600/80 = 4.5°at every base pair. Intermittent bending every n base pairs requires that each bend be 4.5 no. Three intermittent models have been suggested: a 900 bend every 20 base pairs (9) , a 450 bend every 10 base pairs or every helical turn (10) , and a 22.5°bend every 5 base pairs (11) .
This 5-base-pair model is even more explicit. Zhurkin et al. (11) propose from energy calculations that bending of a helix is overwhelmingly more favorable when it involves only rolling of two adjacent base pairs along their long axes rather than lifting them apart at one end or the other. Exactly the same conclusions have been reached from inspection of the x-ray crystal structure of the B- Dickerson and Drew (12) , who define roll (OR) and tilt (OT) angles as in Fig. 1 . Each turn of helix, in their terminology, possess two favorable roll points for bending in a chosen plane, positioned 5 base pairs apart. Because of the 1800 rotation of the helix axis between roll points, one of them involves compression of the major groove, and the other involves compression of the minor groove, for bending in the same overall direction. Roll of adjacent base pairs is an inherently easy motion; tilt is energetically disfavored, requiring compression to less than van der Waals contact spacing at one end and lifting bases apart at the other.
Helices with various degrees of bending
The bending process can be studied in detail for d(C-G-C-G-A-A-T-T-C-G-C-G) because crystal structures have been refined independently in five different forms by restrained least-squares methods (13) , and these structures exhibit overall bending of the helix axis by as much as 220 or as little as 30. The five helices are illustrated in Fig. 2 . The progression from right to left in Fig. 2 constitutes, in effect, a freeze-frame movie of the bending process. Torsion angles and other helix parameters can be compared to see in what manner, and by what changes, a bend in B-DNA is accomplished. Bending arguments based only on the original native helix (12) were well intentioned but naive, and later explanations based on the native, MPD20, and MPD7 structures (13) also contained erroneous conclusions based on insufficient data. While the present five-helix analysis cannot be considered final or without defect, it does extend our understanding of the mechanism of bending in B-DNA.
The primary impression from Fig. 2 is that bending occurs mainly in the upper half of the molecule, near steps 3 and 4 of the helix. (Helix step n takes the observer from base pair n to base pair n + 1.) This is one of the natural roll points for bending in the plane of Fig. 2 ; the other is at the bottom of the helix at steps 8 and 9. Observed roll angles for each helix step in all five helices are depicted in figure 18 of ref. 20 . During the bending process from right to left in Fig. 2 13. creases .at steps 1-3 at the top of the helix. This gradual spread of changes in roll angle away from the immediate roll point at -step 4, possibly as a means of preserving efficient base stackirig, prompted Fratini et al. (13) to describe the process as "annealed kinking."
The increase in roll angle OR means an opening up of the minor groove and compression of the major groove. But, as can be seen from Fig. 2 Bending in the five helices is not purely a sequence-dependent effect. Base sequence can have a significant and specific effect on local helix parameters and overall helix bending, in both Band A-DNA (26) . But in the present instance, the bending is such as to destroy the natural twofold symmetry relating one chemically identical strand to the other. It gives equivalent bases on opposite strands different local environments, which they presumably would not possess in a molecule isolated from its neighbors in solution. Nor can the bending be attributed solely to crystal packing forces. Although shifts of 1 or 2 A occur between equivalent atoms in the bent native molecule and straight MPD7 molecule in their respective unit cells, no major differences in intermolecularpacking can be found that would lead to bending and unbending. Stereo packing diagrams of the two crystal cells appear nearly identical (25) .
The one feature distinguishing the upper and lower halves of the helix in Fig. 2 (13, (21) (22) (23) (24) . Crossed spheres in the major groove ofc are platinum, and large spheres in the major groove of d and e are bromines. Other atoms in order of decreasing radius are P, 0, N, and C. In this view directly into the minor groove at the d(A-A-T-T) center, strand 1 Proc. Nad. Acad. Sci. USA 80 (1983) Proc. Natl. Acad. Sci. USA 80 (1983) 7101 tracted and chelated by excess platinum complex. In a sense the upper half of the DNA helix curls a few degrees around the spermine molecule. Fratini et al. (13) have proposed a model for nucleation of dodecamer crystals that makes use of this curvature to explain the asymmetric arrangement of otherwise chemically identical helix ends in the crystal. They suggest that an equilibrium exists in solution between free dodecamer and molecules having one or two bound spermines, and that binding across the major groove induces a slight bend at the site of attachment. Helices with a single spermine then possess a bend at one end, and those with two spermines have bends in opposite directions at the two ends, leading to an S-shaped molecule. If, by the accidents of intermolecular contacts involving shape and charge that all macromolecular crystallographers search for but few can predict, the singly bound helices happen to pack more easily into a crystalline array, then crystallization will shift the equilibrium from both directions in favor of the singly bound form. Helices within the crystal will exhibit the uniform bend at one end that is actually observed. This bend apparently can be removed without destruction of crystallinity, by increasing the concentration of 2-methyl-2,4-pentanediol if bulky groups such as bromine also are present within the major groove, but raising the temperature from 70C to 200C in some circumstances can induce the molecules to relax back into their bent conformation.
In support of these arguments, it is observed that crystallization is favored by a 1:1 molar ratio of spermine to double-helical dodecamer and that an excess of spermine disfavors crystallization, as does its absence. Crystals of unbent d(C-G-C-G-A-A-T-T-C-G-C-G) have never been grown directly from solution; the first packing always is one of bent, singly bound molecules, with straightening out being a secondary process. Hence the reason for the peculiar, asymmetric bending of the dodecamers in our crystals seems to be the interaction with spermine molecules, rather than anything more fundamental about the structure or the base sequence of DNA. The three factors that appear to be required for removal of bending are (i) bulky additions within the major groove, (ii) high 2-methyl-2,4-pentane diol concentration, possibly as a means of lowering water activity, and (iii) cooling below room temperature.
How does bending occur?
Bending of the helix axis does not produce appreciable or systematic changes in main chain torsion angles, sugar puckering, base pair propeller twist, or local helix rotation angles (13, 20) . Local parameters such as these are surprisingly insensitive to long-range helix deformations. Roll angle OR, however, is affected. Figure 18 of ref. 20 contains an apparent paradox that already has been mentioned: Increase of OR at both steps 4 and 8 should lead to an S-shaped molecule, contrary to what is observed. Furthermore, if both major groove sites were compressed, the arguments of the previous section would lead one to expect to find a spermine molecule bound at both ends, and again this disagrees with experiment. An attempt has been made to explain the increased OR at the lower roll point in the absence of any sign of major groove compression, in terms of a systematic flattening of propeller twist in the maximally bent helix (13) . But this is contradicted by the observation that the 16-K helix, although bent even more than the native helix, has large propeller twists (tables A1-A5 of ref. 20) .
One disadvantage of roll angles is that they are measured relative to a coordinate frame that rotates along with the helix. A more objective display of base plane orientation relative to an external, fixed frame of reference is provided by Fig. 3 . These diagrams are obtained by plotting the normal vectors to the best least-squares planes through all base pairs of a helix from a common origin and then examining these vectors in projection down the helix axis. Each normal vector is indicated by a point numbered from 1 to 12. The distance between any two successive points measures the angle between normal vectors for the corresponding base pairs, and the direction of the displacement between points shows in which direction bending occurs at that particular helix step. For clarity in what follows, the vector from one base normal point to another in Fig. 3 will be termed a displacement vector.
The most striking feature of these normal vector plots is the overall drift of points from left to right in the 16-K, native, and cisplatin helices, the decreased drift in MPD20, and the clustering of MPD7 points in a tightly restricted area. This is a direct measure of the bends in overall helix axes-large in the first three cases, smaller in MPD20, and nearly zero in MPD7. 
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In each diagrmtheview is down the z or helix axis. Horizontal and vertical scales indicate the sines of angles corresponding tox andy direction cosines of the vector normal to the best mean plane through each base pair. Each pair is represented by a point numbered from 1 to 12, and the normal vector can be imagined as extending in axial projection from the origin to the numbered point. Displacement vectors between two points represent changes in base plane orientations from one base pair to the next, or the roll/tilt angles at each helix step. The broken lines in e result from ignoring bases C-11 [2] [3] and C-13, whose orientations are perturbed.by in-/w~termolecular interactions. The circular diagram at _ 3-4 the left of fshows the orientation of the long axis of each base pair. The vector diagram to its right 11.4 [4] [5] indicates the direction of the displacement vector for each helix step that would result from a pure roll motion compressing the major groove. Closer inspection of Fig. 3 shows that, although the trajectories as a whole resemble a random walk, each individual displacement vector is far from random in orientation. In nearly every case, the motion from one base pair to the next is one of roll and not tilt. The wheel of arrows at the right of Fig. 3f indicates the direction at each step that a displacement vector would have for pure rolling motion of a type that compresses the major groove. As the helix turns by 360 at every base step, these pure roll vectors also rotate. Compression of the minor groove instead of the major would be indicated by a displacement in the reverse direction, and tilt components would be signaled by displacement vectors having components at right angles to the ideal roll vectors. Comparison of Fig. 3f with 3 a-e reveals that in every case the change in orientation between base pairs 1 and 2 involves only a rolling motion compressing the major groove. The displacement vectors between points 2 and 3 are oriented differently from 1-2, but so is the ideal roll vector between these two base pairs. The step from 2 to 3 involves a nearly pure rolling motion, but this time with compression of the minor groove.
Step 3-4 again is a rolling compression of the major groove in the 16-K and native helices, and the significance of each of the other steps can be analyzed in a similar manner.
The normal vector plots when combined with the roll vector wheel at the right of Fig. 3f provide a graphical Fig. 4 . The line from the origin to each numbered point represents the displacement vector, plotted relative to the directions of pure roll and tilt for that step. Points along the horizontal axis are examples of pure rolling motion, these along the vertical indicate pure tilt, and other points on the graph reflect intermediate mixtures of roll and tilt. For convenience in discussion, those points lying within ±300 of the horizontal can be characterized as roll, those within ±30°of the vertical as tilt, and the others as mixed conformations.
The most noticeable feature is the heavy concentration of points along the horizontal axis, illustrating the strong preference for roll over tilt. With the boundaries just defined, 41 of the 55 steps along the five helices involve roll, 10 are intermediate-or mixed, and only 4 are described as tilt. Furthermore, with one exception the tilt component is always 50 or less, whereas the maximal roll angle is more than 150. From the evidence of these helices, tilting or wedge-like displacements between base pairs are an unnatural motion. These observations can be summarized in a second conclusion: (ii) Bending in B-DNA double helices is achieved primarily by means of roll and not tilt. The extra energy required to pull base pairs apart at one end is sufficient to ensure that tilt displacements remain rare.
One further and less stringent generalization is suggested by Figs. 3 and 4 . If the 4 cases of virtually pure tilt in Fig. 4 are excluded, 29 of the remaining helix steps involve compression of the major groove, and in only 22 is the minor groove compressed. This is a weak observation, but is worth putting on record because it is so intuitively reasonable. The major groove is large and free of ordered hydration structure, aside from a monolayer of water molecules associated with the polar N and O atoms of base edges (17, 22) . In contrast, the minor groove is narrower, and occupied by the zig-zag spine of hydration that is believed to stabilize the B conformation. It would seem reasonable that the helix should bend more easily in the direction that met with lesser opposition. Hence the third and most tenuous conclusion: (iii) During helix bending at natural roll points, compression of the major groove is favored slightly over that of the minor.
The process of straightening the helix, from Fig. 3 a through e, is one of confining random roll steps to a smaller and smaller perimeter, without changing their individual characteristics: a forward step at 1-2, a retrograde step at 2-3 that is dictated by cross-chain purine clash (26) , forward steps at 3-4 and 4-5, a perpendicular "noise" step at 6-7 followed by a small forward step 7-8, two retrograde steps at 8-9 and 9-10, and one final forward step at 10-11. The ultimate result for nearly unbent MPD7 is a set of base pair normals confined to lie within a cone of radius 30, except for the anomalously turned cytosines of the final two base pairs.
In spite of the earlier remarks about the asymmetry of bending, there is a sense in which the local bending motions of the double helix are sequence dependent. Dickerson and Drew (12) noted the tendency of pyrimidine-purine steps to compress the major groove whereas purine-pyrimidine steps compressed the minor groove, and this was later explained in terms of cross-chain clash of purines, resulting from propeller twist (26, 27) . These preferred tendencies are followed faithfully by the dodecamers. Whenever the preferred motion at a particular step advances the overall random walk, it is favored and has a large magnitude (e.g., the C-G step at 3-4 and the G-C step at 10-11), but whenever the preferred motion is retrograde in terms of overall bending it has a small magnitude (e.g., the G-C step at 2-3 and the C-G step at [8] [9] .
Since all of these motions involve almost exclusively roll angles, with only a secondary tilt component, the roll angle plot in figure 18 of ref. 20 Conclusions and implications for nucleosome winding These experimental observations on five variants of a B-DNA dodecamer support completely the model proposed by Zhurkin et al. (11) from theoretical considerations. When the double helix is wrapped around the nucleosome core, it should bend predominately at the two locations per turn of helix where bending can be produced by rolling adjacent base pairs along their long axes. Although the local distortion may be spread out to either side of these two natural roll points, as proposed in the annealed-kinking model of Fratini et al. (13) , bending should be intermittent rather than continuous. If compression of the major groove is marginally favored over that of the minor, then the sharpest bends should occur every 10 base pairs, when the major groove faces the nucleosome core, with lesser bends halfway between.
The annealed-kinking model was suggested from the observation that a major bend at a natural roll point is flanked by lesser roll angle changes at the steps to either side, as though local base stacking was preserved by blurring the bend out rather than localizing it. The random-walk model would describe this situation as a maximal roll angle whenever the bases are oriented so that this roll contributes to the overall bend and a decreasing roll angle as the bases rotate around the helix axis toward a direction perpendicular to the overall bend. Bending in DNA is a more stochastic process than has previously been proposed. Detailed analysis of every helix step reveals both nonproductive side excursions and backward or retrograde motion, as in any random walk. Yet these isolated steps counteract one another, leaving behind a residuum of net bending in a specific direction.
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